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Introduction
The study of the thermal conductivity of hydrogen began near the end of the 19th century. In the 1960s and 1970s, there was a major emphasis on researching the thermophysical properties of hydrogen to provide support for NASA and the U.S. space program. More recently, interest in hydrogen has reemerged due to the potential use of hydrogen as an energy carrier that can be produced from diverse resources in an environmentally sound manner. In 2007, two papers were published, which summarized the status of experimental data for equilibrium 1 and transport 2 properties of hydrogen. Jacobsen et al. 1 identified the need for a revised equation of state, and subsequently new equations of state were developed for normal and parahydrogen. 3 Most recently, Sakoda and coworkers 4 reviewed the thermodynamic properties and the existing equations of state, concluding that the equation of state of Leachman et al. 3 was presently the most appropriate to use for an accurate representation of the thermodynamic properties of hydrogen and parahydrogen. In this work, we develop new, wide-ranging correlations for the thermal conductivity of hydrogen and parahydrogen, which incorporate densities from the new equations of state, 3 and also consider new experimental 5, 6 and theoretical 7 data that allow the range of validity of the correlation to extend to higher temperatures than previous correlations, as recommended in Ref. 2. There are several publications in the literature that present correlations or tables of recommended values for the thermal conductivity of hydrogen and parahydrogen. 6, [8] [9] [10] [11] [12] McCarty and Weber 12 presented tables for the thermal conductivity of parahydrogen valid over the temperature range from the freezing line to 2778 K (5000 R) and pressures to 68.9 MPa (10 000 psia). For temperatures below 100 K, the values are based on the experimental data of Roder and Diller. 13 For temperatures greater than 100 K, the thermal conductivity was calculated based on a modified Enskog theory. 14 Later, in 1984, Roder [15] [16] [17] made extensive measurements on normal, para and mixtures of ortho and parahydrogen and presented correlating equations valid to 70 MPa. In 1990, McCarty 18 extended the correlations to pressures up to 120 MPa, and these coefficients were used in the NIST12 (MIPROPS) database 19 and later incorporated directly into the REFPROP database 20 (and also the NIST Chemistry Webbook 21 ) that currently provide recommended values for the thermal conductivity of hydrogen and parahydrogen. Most recently, Moroe et al. 6 provided a new correlation that is applicable up to 100 MPa and 773 K. However, it is not recommended for temperatures below 78 K; therefore, in this work we will compare our results to the wide-ranging correlations developed by McCarty 18, 19 that have been incorporated into REFPROP. 20 It should finally be noted that "normal" hydrogen is 75% orthohydrogen with 25% parahydrogen and is the equilibrium composition at room temperature and above. The equilibrium composition changes as the temperature is decreased, becoming nearly pure parahydrogen at the normal boiling temperature. 
Methodology
The thermal conductivity k is expressed as the sum of three independent contributions as kðq; TÞ ¼ k o ðTÞ þ Dkðq; TÞ þ Dk c ðq; TÞ;
where q is the density, T is the temperature, and the first term, k o (T) ¼ k(0,T), is the contribution to the thermal conductivity in the dilute-gas limit, where only two-body molecular interactions occur. The final term, Dk c (q,T), the critical enhancement, arises from the long-range density fluctuations that occur in a fluid near its critical point, which contribute to divergence of the thermal conductivity at that singular point. Finally, the term Dk(q,T), the excess property, represents the contribution of all other effects to the thermal conductivity of the fluid at elevated densities including many-body collisions, molecular-velocity correlations, and collisional transfer. The identification of these three separate contributions to the thermal conductivity and to a transport property in general is useful because it is possible, to some extent, to treat both k o (T) and Dk c (q,T) theoretically. In addition, it is possible to derive information about k o (T) from experiment. In contrast, there is almost no theoretical guidance concerning the excess contribution, Dk(q,T), so its evaluation is based entirely on experimentally obtained data.
It is obvious that the analysis described above must be applied to the best available experimental data for the thermal conductivity. Thus, a prerequisite to the analysis is a critical assessment of the experimental data. For this purpose, two categories of experimental data are defined: primary data employed in the development of the correlation and secondary data used simply for comparison purposes. According to the recommendation adopted by the Subcommittee of Transport Properties (now known as The International Association for Transport Properties) of the International Union of Pure and Applied Chemistry, the primary data are identified by the following criteria: These criteria have been successfully employed to establish standard reference values for the viscosity and thermal conductivity of fluids over wide ranges of conditions, with uncertainties in the range of 1%. However, in many cases in practice, such a narrow definition would limit the range of the data representation unacceptably. Consequently, within the primary data set, it is also necessary to include results that extend over a wide range of conditions, albeit with a poorer accuracy, provided they are consistent with other more accurate data or with theory. In all cases, the accuracy claimed for the final recommended data must reflect the estimated uncertainty in the primary information.
In the following sections, we treat the individual contributions to the thermal conductivity of each fluid separately, in each case subjecting all of the relevant available experimental data to critical scrutiny in order to compile the primary data set, and derive a global correlation of k(q,T). The thermal conductivity correlation for normal hydrogen will be presented first and then the correlation for parahydrogen. Table 1 summarizes, to the best of our knowledge, experimental measurements of the thermal conductivity of normal hydrogen reported in the literature. References that present only graphical results or a correlating equation are not included in this summary. Thirteen sets were considered as primary data. The transient hot-wire measurements of Perkins, 5 Mustafa et al., 23 Roder, 17 Assael and Wakeham, 24 Clifford and Platts, 25 and Clifford et al. 26, 27 were all performed in an absolute way, exhibited very low uncertainty, and fulfill the aforementioned criteria for primary data. The recent measurements of Moroe et al. 6 were performed in a calibrated transient short wire, but as they extend to higher temperatures and pressures and were performed in a very precise and well-described manner, they were also considered as primary data. The remaining sets were performed in steady-state instruments that could also be considered as primary. Hence the measurements of Perkins 5 performed with a steady-state hot-wire, the measurements of Clerc et al. 28 and Le Neindre 29 performed in concentric-cylinder instruments, and the measurements of Hemminger 30 performed in a guarded hot-plate instrument were also considered as primary data. Finally, the measurements of Roder and Diller 13 performed in a guarded hot-plate instrument were also 033101-3 THERMAL CONDUCTIVITY OF HYDROGEN 
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included as primary data, since they are the only reliable measurements that are performed at temperatures below the critical, and also include some points near the critical region. The remaining measurements in Table 1 did not fulfill the criteria for primary data, and hence they were considered as secondary data. Figure 1 shows the temperature and pressure range of the measurements outlined in Table 1 . Temperatures for all data were converted to the ITS-90 temperature scale. 68 The development of the correlation requires densities; the equation of state of Leachman et al.
3 was used to provide the density for each experimental state point from the experimental temperature and pressure. We also adopt the values for the critical point and triple point from this equation of state; the critical temperature, T c , the critical pressure, p c , and the critical density, q c , were taken to be equal to 33.145 K, 1.2964 MPa, and 31.262 kg m À3 , respectively. 3 The triple-point temperature is 13.957 K. 3 It should be noted that, for this equation of state, the uncertainty in density from an input of temperature and pressure was reported to be 0.1% at temperatures from the triple point to 250 K and at pressures up to 40 MPa, except in the critical region, where an uncertainty of 0.2% in pressure is generally attained. Furthermore, in the region between 250 K and 450 K and at pressures to 300 MPa, the uncertainty in density was stated as 0.04%, while at temperatures between 450 K and 1000 K, the uncertainty in density increases to 1%. We also note that the estimated uncertainty for the heat capacities is 1.0%. 3 
The dilute-gas limit
Assael and coworkers 69 published a correlation for the thermal conductivity of normal hydrogen in the dilute-gas limit that was developed by critically evaluating experimental data available through 1985. Due to limitations of the experimental data, the correlation is recommended only over the restricted temperature range of 100-400 K. Since that time, there have been significant advances in theoretically based calculations for dilute-gas thermal conductivity that we utilize here to extend the range of validity. In a recent paper, Mehl et al. 7 employed the spherical version of the hydrogen intermolecular potential determined in ab initio calculations by Patkowski et al. 70 to calculate the viscosity and thermal conductivity of normal and parahydrogen by use of a full quantum-mechanical formalism. To supplement the tables in Mehl et al., 7 we obtained more detailed tables of values of the dilute-gas thermal conductivity (ranging from 10 K to 2000 K in 1 K intervals) from Mehl, 71 and used data from 10 K to 2000 K to develop the correlation presented here. Mehl et al. 7 reported that the average fractional difference between the theoretically calculated values and experimental data was (0.1 6 1.1) % in the temperature range 10-384 K, while at higher temperatures (600-2000 K) ranged from 4% to 10%. We fit these tabular values for the dilute-gas thermal conductivity of normal hydrogen to the following functional form:
The coefficients A 1,i and A 2,i for normal hydrogen (m ¼ 6, n ¼ 3) are given in Table 2 . The correlation agrees with the tabulated values of Mehl et al. 7, 71 to within 0.6% at temperatures above 20 K, with a maximum deviation of 2% at 12 K. Figure 2 shows the percentage deviations of dilute-gas primary experimental data and the theoretical values of Mehl et al. 
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polyatomic gases and a body of critically evaluated experimental data. The correlation is limited to the range of 100-400 K. Above room temperature, the uncertainty is no more than 60.5%, but below room temperature it rises to 61.5% (Ref. 69) and is not recommended for use below 100 K.
Both these correlations agree with the values proposed by Eq. (2), well within the mutual uncertainties.
The excess thermal conductivity
The thermal conductivities of pure fluids exhibit an enhancement over a large range of densities and temperatures around the critical point and become infinite at the critical point. This behavior can be described by models that produce a smooth crossover from the singular behavior of the thermal conductivity asymptotically close to the critical point to the nonsingular background values far away from the critical point. [72] [73] [74] The density-dependent terms for thermal conductivity can be grouped according to Eq. (1) as [Dk(q,T) þ Dk c (q,T)]. To assess the critical enhancement either theoretically or empirically, we need to evaluate, in addition to the dilute-gas thermal conductivity, the excess thermal conductivity contribution. The procedure adopted during this analysis used ODRPACK (Ref. 75) to fit all the primary data simultaneously to the excess thermal conductivity and the critical enhancement, while maintaining the parameters already obtained from the fit of the dilute-gas thermal-conductivity data. The density values employed were obtained by the Helmholtz equation of state of Leachman et al. The excess thermal conductivity was represented with a polynomial in temperature and density,
The coefficients B 1,i and B 2,i are shown in Table 2 .
3.3. The critical enhancement
Simplified crossover model
The theoretically based crossover model proposed by Olchowy and Sengers [72] [73] [74] is complex and requires solution of a quartic system of equations in terms of complex variables. A simplified crossover model has also been proposed by Olchowy and Sengers. 76 The critical enhancement of the thermal conductivity is given by
and
In Eqs. (4)- (6), k B is Boltzmann's constant, g is the background viscosity that we obtained from the recommended correlation in the REFPROP (Refs. 18 and 20) database, C p and C v are the isobaric and isochoric specific heat obtained from the equation of state, 3 and q D is the effective wavenumber cutoff determined by fitting thermal conductivity data in the critical region; we found that q 
As already mentioned, the coefficients of Eq. (2) were fixed, while the coefficients B 1,i and B 2,i in Eq. (3) and q D in Eqs. (4)- (7) were fitted with ODRPACK (Ref. 75) to the primary data for the thermal conductivity of hydrogen. This crossover model requires the universal constants 76 R D ¼ 1.01, ¼ 0.63, and c ¼ 1.2415, and system-dependent amplitudes C and n 0 . For this work, we adopted the values C ¼ 0.052 and n 0 ¼ 1.5 Â 10 À10 m as given by Olchowy and Sengers 76 for CO 2 , and a reference temperature far above the critical temperature where the critical enhancement is negligible, 77 which for normal hydrogen is 49.7175 K. Table 3 summarizes comparisons of the primary data with the correlation, and also with the correlation of McCarty. [18] [19] [20] Here, we define the percent deviation as PCTDEV ¼ 100(k exp Àk fit )=k fit , where k exp is the experimental value of the thermal conductivity and k fit is the value calculated from the correlation. The average absolute percent deviation (AAD) is found with the expression AAD ¼ ( P jPCTDEVj)=n, where the summation is over all n points and the standard deviation is 033101-6 ASSAEL ET AL.
. Note that the new correlation performs significantly better than the McCarty correlation [18] [19] [20] for the data set of Moroe et al., 6 especially at high temperatures and high pressures, as indicated in Figs. 3(a) and 3(b) . This is not surprising, since the Moroe et al. 6 data were not available at the time the McCarty correlation [18] [19] [20] was developed. Figure 4 shows the percentage deviations of all primary thermal conductivity data from the values calculated by Eqs. (1)- (7), as a function of the density, while Fig. 5 shows the same deviations but as a function of the temperature. For supercritical hydrogen, the correlation represents the data to within 4% (at a coverage factor of 2) at pressures up to 100 MPa. The representation of the liquid-phase data is 8%, again at a 95% confidence level. This is considered acceptable based on inconsistencies between several liquid isotherms that may be due to ortho-para conversion during the measurements. 17 Ortho-para conversion would be most 
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pronounced for the lowest temperatures during measurements on normal hydrogen.
In Figs. 6 and 7, the percentage deviations of the secondary thermal conductivity data from the values calculated by Eqs. (1)- (7) are shown as a function of the density and the temperature, respectively. As expected, the spread of the deviations is now much wider. Finally, Fig. 8 shows a plot of the thermal conductivity values calculated by Eqs. (1)- (7) for the temperature range 14-150 K for pressures between 0 MPa and 50 MPa.
Empirical critical enhancement
For applications at state points that are relatively distant from the critical point (about 10-15 K from the critical temperature), the critical enhancement is adequately represented by the following empirical expression:
where DT c ¼ (T=T c ) À 1 and Dq c ¼ (q=q c ) À 1. This equation does not require accurate information on the compressibility, specific heat, and viscosity of normal hydrogen in the critical region, as does the theory of Olchowy and Sengers. [72] [73] [74] 76 The coefficients of Eqs. (2) and (3) were fixed while the coefficients of Eq. (8) were fitted to the primary data. The values obtained were
, and C 3 ¼ 0.837. Figure 9 shows the percentage deviations between the primary data and the values calculated by Eqs. (2), (3), and (8), as a function of the temperature. By comparing Figs. 5 and 9, it can be seen that employing Eq. (8) results in very little deterioration in the representation of the data; the deviations for the Roder and Diller data from Eq. (8) range from À8% to þ15%, while those for the simplified Olchowy-Sengers enhancement vary from À9% to þ9%. 
The Parahydrogen Correlation
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the best of our knowledge. It can be seen that the number of measurements is hardly sufficient for a good correlation. Furthermore, only the transient hot-wire measurements of Roder 15 and the steady-state hot-wire measurements of Roder and Diller 13 can be considered as primary data. In addition, the data of Powers et al., 46 in this case, deviated very much from the above two sets making them unusable, while the uncertainty of the data of Dwyer et al.
78 makes that set unsuitable for this work. Figure 10 shows the temperature and pressure range of the primary measurements outlined in Table 4 . Temperatures for all data were converted to the ITS-90 temperature scale. 68 The parahydrogen equation of state of Leachman et al.
3 was used to provide the density for each experimental state point using the experimental temperature and pressure. The critical point associated with this equation of state is T c ¼ 32.938 K, p c ¼ 1.2858 MPa, and q c ¼ 31.323 kg m À3 and the triple point temperature is 13.8033 K. 3 The uncertainties for density and heat capacity for this equation of state are identical to those for the normal hydrogen equation of state by Leachman et al. 
The dilute-gas limit
As discussed in the case of normal hydrogen, it was preferred to base the dilute-gas thermal conductivity correlation on the work of Mehl et al. 7 To supplement the tables in Ref. 7 , we obtained more detailed tables of values of the dilute-gas thermal conductivity (ranging from 10 K to 2000 K in 1 K intervals) from Mehl 71 and used data from 10 K to 2000 K to develop the correlation presented here. The average fractional difference between the theoretically calculated values and the experimental data was reported as (À0.7 6 1.2) % in the temperature range 10-275 K, while at higher temperatures (600-2000 K) it was estimated to be from 4% to 10%. We again fit the functional form of Eq. (2) to the tabulated values of Mehl. Table 5 shows the coefficients A 1,i and A 2,i found for parahydrogen. Figure 11 shows the percentage deviations of dilute-gas primary experimental data and the theoretical values of Mehl et al. (2), (3), and (8) 
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experimental data to within about 3% at temperatures below 600 K, with increasing deviations at higher temperatures.
Excess thermal conductivity and critical enhancement 4.2.1. Simplified crossover model
As in the case of normal hydrogen, the coefficients of Eq. (2) were fixed, while the coefficients of Eqs. (3)- (7) were fit with ODRPACK (Ref. 75) to the primary transient 15 and steady-state 13 data for the thermal conductivity of parahydrogen. We used the same values for the universal constants and amplitudes for parahydrogen as were used for normal hydrogen, and a reference temperature where the critical enhancement is negligible T ref ¼ Table 6 summarizes comparisons of the primary data with the correlation, and also with the correlation of McCarty, [18] [19] [20] while Fig. 12 graphically depicts the percentage deviations of the primary thermal conductivity data from the values calculated by Eqs. (1)- (7), as a function of the density, and Fig. 13 shows the same deviations but as a function of the temperature. With the exception of some data very near the critical point (points of Roder and Diller 13 at temperatures 32.98-33.05 K), the remaining data seem to be well within 64% of the present work. Figure 14 shows the thermal conductivity as a function of density for two isotherms that exhibit critical enhancement. The model is shown with and without the critical enhancement term. The experimental data of Roder and Diller 13 are plotted at nominal isotherms of 33 K and 40 K using the experimental values of temperature and density. The model has difficulty matching the extremely steep rise of thermal conductivity seen for the 33 K isotherm, but captures the general behavior. At conditions farther removed from critical, but where there still is a significant critical enhancement, the model represents the data very well as indicated by the 40 K isotherm in the figure.
Empirical critical enhancement
Equation (8) was also employed for parahydrogen to correlate the critical enhancement at state points that are relatively distant from the critical point (about 5-10 K from the 033101-10 ASSAEL ET AL.
critical temperature). The coefficients of Eqs. (2) and (3) were fixed, while the coefficients of Eq. (8) were fitted to the primary data. The values obtained were
, and C 3 ¼ 0.2. Employing Eq. (8) results in very little deterioration in the representation of the data, as was seen earlier with normal hydrogen. Table 7 is provided to assist the user in computer-program verification. The thermal conductivity calculations are based on the tabulated temperatures and densities.
Computer-Program Verification
Range of Validity and Uncertainty Estimates
The primary data for normal hydrogen listed in Table 1 cover a wide range of conditions and extend to 100 MPa. In addition, we made comparisons with the recommended values given in the handbook by Vargaftik et al. 10 that are presented in Table 8 . The densities in Table 8 
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given values of T and p. Based on comparisons with the primary data and the comparisons with Vargaftik's recommended data, 10 we ascribe an uncertainty of less than 4% (considered to be estimates of a combined expanded uncertainty with a coverage factor of 2) for the correlation at temperatures from 100 K to 1000 K at pressures to 100 MPa. For temperatures from the triple point to 100 K, at pressures to 12 MPa, we estimate the uncertainty to be 7%, except near the critical point. The model behaves in a physically reasonable manner for extrapolations to pressures above 12 MPa at temperatures below 100 K, but will be subject to larger uncertainties.
The experimental primary data set is more limited for parahydrogen; the primary data extend only to 20 MPa. For the region where there are experimental data, from the triple point to 300 K at pressures to 20 MPa, we estimate an uncertainty of 4%, with the exception of the critical region. We use the recommended values of Vargaftik in Table 8 to assist in assigning an uncertainty for higher pressures. Based on comparisons with these data, we estimate the uncertainty to be 6% for temperatures from 400 K to 1000 K and pressures to 100 MPa. The correlation behaves in a physically reasonable manner for extrapolations to higher pressures at temperatures below 400 K, but will be subject to larger uncertainties. In addition, the uncertainty in the critical region is much larger, since the thermal conductivity at the critical point diverges and accurate measurements in this area are extremely difficult.
Conclusion
New wide-ranging correlations for the thermal conductivity of normal and parahydrogen were developed based on critically evaluated experimental data and recent theoretical results of Mehl et al. 7 Incorporation of the recent new highpressure, high-temperature measurements of Moroe et al. 6 extended the range of the correlation to higher temperatures and pressures than the earlier work of McCarty. [18] [19] [20] There is still a need for high-pressure data at temperatures less than 320 K, and for more liquid-phase data and data in the critical region. The correlations are valid from the triple point to 1000 K and at pressures up to 100 MPa. The correlations are expressed in terms of temperature and density, and the densities were obtained from the equations of state of Leachman et al. 
